Influences of saturation state of FRCA on the mortars' properties are studied. Mortars made with dried FRCA present larger slump and better mechanical properties. Compressive strength of mortars decreases quasi linearly with substitution rate. Fraction 0/0.63 mm of FRCA has a worse effect on mechanical properties of mortars. 
a b s t r a c t
Fine recycled concrete aggregates (FRCA) also called recycled sand, having particle sizes smaller than 5 mm, are essentially composed of mortar and hardened cement paste. Therefore they induce a large water demand which makes them hard to recycle into mortar and concrete. In this paper, the properties of mortars containing FRCA have been studied, including fresh properties, mechanical properties and interfacial transition zone (ITZ) microstructure.
The influence of saturation state of FRCA (dried or saturated) on the properties of mortars of identical compositions has first been studied. The results showed that the slump of mortars containing dried FRCA is always larger than that of mortars containing saturated FRCA. Indeed, in the case of dried FRCA, the theoretical amount of absorbed water is added at the beginning of mixing leading to a temporary increase of the initial efficient W/C ratio and volume of paste, leading to a better workability before its absorption into FRCA. On the contrary, the absorbed water in saturated FRCA is not readily available and thus cannot contribute to increase the initial efficient W/C ratio. Moreover, the compressive strength of mortars containing dried FRCA is always larger than that of mortars made with saturated FRCA, which is attributed to a thinner interfacial transition zone improving its mechanical properties. The influence of the fraction of recycled sand and of the granular class of recycled sand on the mechanical properties of mortars has then been studied with saturated FRCA. The compressive strength of mortars decreases quasi linearly as the replacement percentage of recycled sand increases. Moreover, it is shown that the finer fraction of recycled sand (0/0.63 mm) has the worse effect on the mechanical properties of mortars.
Ó 2015 Elsevier Ltd. All rights reserved.
Introduction
Very large quantities of construction and demolition wastes are produced every year, nevertheless only a small fraction of them is recycled in the manufacture of concrete and mortar. A larger part of these materials could be recycled into concrete to decrease the amounts of wastes which have to be disposed in landfill, and thus to preserve natural resources [1] [2] [3] [4] [5] [6] .
Old concrete is the most abundant material among various types of construction and demolition wastes. Recycled concrete aggregates (RCA) are composed of an intimate mix between aggregates and hardened cement paste [7] [8] [9] [10] . The fine fraction of RCA (FRCA), essentially composed of mortar and hardened cement paste, possesses a large water demand which makes it harder to recycle into concrete and mortar compared to coarser RCA [11] [12] [13] [14] [15] .
Lots of studies showed that the properties of concrete decreased as the replacement percentage of FRCA increased [16] [17] [18] aggregate also influences the properties of concrete [19] [20] [21] . Poon et al. [19] showed that oven dried coarse recycled concrete aggregates (CRCA) led to a higher initial slump and a quicker slump loss comparing with saturated surface dried CRCA. Moreover oven dried CRCA led to concrete that exhibited higher compressive strength than that with saturated surface dried CRCA. However, the influence of saturation state of recycled sand on the properties of mortars has not been systematically studied.
Like concrete, mortar manufactured with FRCA generally present a lower strength and as a consequence a lesser durability than similar mortar composed of natural sand [22] [23] [24] . Generally, compressive strength of mortar decreases as the content of FRCA increases. A few authors mentioned that the use of FRCA does not jeopardize the mechanical properties of mortar up to a replacement of 30% [25, 26] . But for other authors the use of FRCA is not good for the properties of mortar due to the high water absorption and adherent cement paste content [27] [28] [29] [30] . However, the influence of different granular classes of the recycled sand on the properties of mortars has not been systematically studied.
The objectives of this work were twofold: the influence of saturation state of recycled sand on the properties of mortars has been firstly explored; then the influence of either replacement percentage or replacement fraction of natural sand by recycled sand on the properties of mortars has been evaluated. The properties of mortars including fresh properties (slump), mechanical properties (compressive strength and flexural strength), and ITZ microstructure have been analyzed.
Materials and methods

Materials
Materials used in this study are as follows.
Cement
The cement used in mortars was a white Ordinary Portland Cement (CEM I 52.5 ''superblanc'') provided by Lafarge company whose mineralogical composition is shown in Table 1 . White cement has been chosen in order to differentiate more easily the new cement paste from the FRCA.
Natural sand and FRCA
A calcareous natural sand was used for the manufacture of mortars. It was provided by the Holcim Company and was sourced from the quarry of Tournai. The water absorption of this sand was 1.05% according to the standard EN 1097-6 [31] , and its density was 2.66 g/cm 3 measured by helium pycnometer (Micromeritics AccuPyc 1330). The recycled sand used was provided by the Colas Company and has been produced in the recycling platform of Amiens (France). The density of this recycled sand was 2.54 g/cm 3 measured by helium pycnometer. It was divided into four granular fractions (0/0.63, 0.63/1.25, 1.25/2.5, 2.5/5 mm) that were remixed together with specific amounts to get a similar granular distribution than natural sand. The particle size distributions of natural and recycled sands (before and after recomposition) are shown Fig. 1 . The water absorption of remixed recycled sand was determined according to the method developed by Zhao et al. [32] . The soluble fraction in salicylic acid (SFSA) of each granular fraction of recycled sand was first determined. SFSA is proportional to the cement paste content in RCA. The water absorption (WA) of the three coarser granular fractions was also measured by the method EN 1097-6. As the water absorption of the different granular fractions varies linearly with the cement paste content [32] , the water absorption of fraction 0/0.63 mm can be extrapolated from the relationship between SFSA and water absorption values of the three coarser fractions ( Table 2) . Knowing the particle size distribution of remixed FRCA, the total water absorption coefficient of remixed FRCA (fraction 0/5 mm) was calculated as 7.54% (Table 2) . Two saturation states of FRCA (Dried RCA and Saturated RCA) were used in this study. Dried RCA were obtained by heating the aggregates at 105°C during 24 h. For the saturated RCA, the sample was presaturated 24 h before the fabrication of mortars.
Compositions of mortars
Three series of mortars were manufactured in the laboratory. Series I was used to study the influence of saturation state of FRCA on the properties of mortars.
Table 1
Mineralogical composition of cement determined by XRD-Rietveld. Series II was used to study the influence of proportions of recycled sand on the mechanical properties of mortars. Series III was made to study the influence of each granular fraction of recycled sand on the properties of mortars. In all the studied series, natural calcareous sand was partially or totally replaced by the same volume of remixed recycled sand. Table 3 shows the compositions of series I mortars manufactured with natural calcareous and recycled sands. These mortars are noted RM-W/C-S or RM-W/C-D in the following, RM referring to a recycled mortar (CM for calcareous mortar), W/C referring to the efficient water to cement mass ratio, and S or D referring to the saturation state of aggregates (S refers to saturated sand whereas D corresponds to dried sand but absorbed water being added in the mixer). Three W/C ratios of 0.5, 0.55, and 0.6 were studied for this series. Table 4 shows the compositions of series II mortars with W/C = 0.5 manufactured with different proportions of recycled sand. These mortars are noted RM-W/C-Proportion in the following, W/C referring to the efficient water to cement ratio, and Proportion referring to the volume replacement of recycled sand. For example, RM-0.5-10 refers to the mortar manufactured with W/C of 0.5, and 10% of natural sand being replaced by the same volume of recycled sand. Mortars with W/C ratio of 0.6 were also studied just changing the efficient water quantity while other quantities of materials used being the same as the mortar with W/C ratio of 0.5. Both recycled sand and natural sand in series II were presaturated 24 h before manufacture. Table 5 shows the compositions of mortars series III with W/C = 0.5 manufactured with replacing each granular fraction of natural sand with the corresponding granular fraction of recycled sand. These mortars are noted RM-W/C-Fraction in the following, W/C referring to the efficient water to cement ratio, and Fraction referring to the replacement granular fraction of recycled sand. For example, RM-0.5-0/0.63 refers to the mortar manufactured with W/C of 0.5, the fraction 0/0.63 mm of natural sand being replaced with the same volume of the fraction 0/0.63 mm of recycled sand. As a consequence, the other fractions from 0.63 up to 5 mm correspond to natural sand. Mortars with W/C ratio of 0.6 were also studied just changing the efficient water quantity and thus leaving the other quantities of materials unchanged compared to mortars made with W/C ratio of 0.5. All the sands in series III were presaturated 24 h before manufacture.
Experimental methods
Mixing procedure for the manufacture of mortars
For mortars manufactured with saturated aggregates, the natural and recycled sands were kept in sealed bags 24 h before fabrication with part of the mixing water (a water quantity that is much larger that the absorbed water). The remaining water was added at the fabrication (the water quantity added into the bowl corresponds to the total water quantity minus the water used for the presaturation of the sand). For mortars manufactured with dried FRCA, the quantities of efficient water and absorbed water were added at the fabrication leading to an increase of the initial efficient W/C ratio. The precise mixing procedure was followed according to the standard EN 196-1 [33] .
Slump test
After mixing, the slump of mortar was measured with the mini MBE cone (''Mortiers de Béton Equivalent'' that can be translated as ''Equivalent Mortars to Concrete'' with respect to the surface of solids relative to the fluid that is the cement paste in mortar and the mortar in concrete) [34] which is shown in Fig. 2 . When the slump value is measured as a function of time (series I), the specimen is put again into the bowl of the mixer after the slump test and is prevented from evaporation with plastics films during the waiting time. Before the new slump test, the specimen is remixed at high speed for 60 s.
Mechanical properties
The preparation of specimens (40 mm Â 40 mm Â 160 mm) for mechanical strength tests was followed according to EN 196-1 [33] . The flexural and compressive strengths of hardened mortar were determined in accordance with EN 196-1 [33]. These two mechanical tests were carried out with an INSTRON 5500R 4206-006 (loading capacity 1500 kN) after being cured 28 days in water.
ITZ characterization
Scanning Electron Microscope (SEM) with Energy Dispersive X-ray Spectroscopy (EDS) analysis was carried out with HITACHI S-4300SE/N. Preliminary observations on flat polished sections showed that it was difficult to distinguish ITZ in mortars containing recycled sand. Therefore a simpler model system of ITZ was studied. Model RCA (particle size 2.5/5 mm) was manufactured by crushing a sample of old white cement paste made with a water to cement ratio of 0.6 and cured 90 days in water at room temperature. A large W/C ratio was used in order to have a model RCA with a high porosity and water absorption capacity. Dried or saturated states were studied for the model RCA (saturated was achieved after 24 h of immersion). The dried or the saturated model RCA was placed in the center of small cylinder mold (2 cm Â 2 cm Â 1 cm) and embedded with a gray cement paste (cement Lafarge Durabat X-Trem CEM I 52.5) having a W/C ratio of 0.5. The curing conditions were the same as for mortars. After 28 days curing in water, the samples were dried at 105°C and successively polished until the exposure of the model RCA easily recognized thanks to its white color. Here CPS refers to cement paste with saturated model RCA while CPD corresponds to the cement paste containing the dried model RCA.
The cement paste in model RCA does not contain ferrite phases, while the new cement paste made from the gray cement, contains ferrite phases. The presence or the absence of iron when chemical mappings are made by EDS under SEM is thus a good indicator to differentiate the cement paste belonging to model RCA from the one corresponding to the new cement paste. As a consequence ITZ may be more precisely identified by SEM observations coupled with EDS mapping.
Results
3.1.
Influence of saturation state 3.1.1. Slump tests Fig. 3 shows the variation of slump as a function of time for mortars series I. For the three studied W/C ratios, the slump of mortars made with dried aggregates is always higher than the slump obtained for mortars having saturated aggregates. It is important here to recall that, for a given W/C ratio, the compositions of mortars made with dried or saturated aggregates are exactly the same (see Table 3 ). However, in the case of saturated sand, absorbed water is initially present inside the porosity of sand particles at the beginning of mixing (T 0 ) and thus trapped in the sand particles. On the contrary, in the case of dried sand, the theoretical amount of absorbed water is initially incorporated into the mixer at the beginning of mixing in addition to the water required to get the desired W/C ratio. Thus, the additional water corresponding to the theoretical amount of absorbed water induces a temporary increase of the initial efficient W/C ratio and volume of paste, leading to a better workability before its absorption into FRCA as water is not immediately adsorbed into the cement paste of the recycled sand at the initial time (T 0 ). As a consequence, a higher slump value is obtained when compared to mortar made with saturated aggregates. For example, in the mortar RM-0.5-D at the beginning, the efficient W/C is 0.72, while it is 0.5 for RM-0.5-S. Moreover, the volume proportion of paste in RM-0.5-D is 44% while it is only 38% for RM-0.5-S. Therefore, the initial slump of RM-0.5-D is much higher than RM-0.5-S.
The rate of slump loss of RM-D is quicker than that of RM-S, which is expected to be a consequence of the absorption of free water in the cement paste of the recycled sand but also to the higher initial slump value. For example, the slope of RM-0.5-S is almost zero due to the very small initial slump value while the slope of slump loss for RM-0.5-S is 0.37 mm/min with an initial slump value of 44 mm, as shown in Table 6 . However, whatever the W/C ratio used, the slump value of mortars manufactured with dried aggregates is always larger than that of mortars manufactured with saturated aggregates. This result suggests that the absorption of water by dried aggregates in the mortar is lower and/or slowly than the absorption determined with standard procedures. It could be due first to the kinetics of absorption. The time of immersion of aggregates into mixing water before placing is much smaller than the 24 h immersion used in the standards. But it could also be partly due to a lesser water absorption capacity of aggregates when they are immersed into the cement paste in which water molecules interact with the large specific surface area of cement grains but also with ions released by cement hydration. Moreover, some surface porosity of RCA could be filled with small cement particles, reducing the absorption capacity of RCA. Table 7 shows the mechanical properties of mortars of series I. As it can be seen, with the same volume of aggregates, the flexural and compressive strengths of mortars are lower than that of the reference mortar made with calcareous sand. This is observed whatever the saturation state of FRCA. For example, the compressive strength of RM-0.5-S decreases 32.3% comparing with CM-0.5-S, while the compressive strength of RM-0.5-D decreases 30.8% comparing with CM-0.5-D. These lower mechanical strengths are certainly caused by the poorer properties of recycled sand in comparison to calcareous sand used; the presence of adherent cement paste leads to higher porosity and water absorption comparing with the calcareous sand.
Mechanical properties of mortars
Flexural strengths of mortars with the saturated and dried aggregates are almost the same both for the mortar with recycled sand and reference mortar. On the contrary, the compressive strength of mortars (either with natural or recycled sand) with dried aggregates is always larger than with saturated aggregates; increase by 7.9% for calcareous sand compared to an increase by 10.2%, 5.4%, and 4.3% with W/C ratios 0.5, 0.55, and 0.6, respectively for FRCA. Moreover this increase is observed despite the larger initial W/C of these mortars and especially those made with dried FRCA. These results are in accordance with the results obtained by Poon et al. [19] and Nguyen [21] .
ITZ properties
Figs. 4 and 5 show the SEM results (backscattered electrons on flat polished section) obtained on simpler model system of ITZ made with saturated or dried model RCA named respectively CPS and CPD. Additionally Fig. 6 shows the results of the mapping by EDS of iron and silicon. From the elemental distribution of iron, the cement paste corresponding to the model RCA aggregate is identified by the area where no Fe element is detected contrarily to the new paste. Indeed during hydration, iron ions tend to precipitate close to the initial position on or nearby C 4 AF grains as they do not diffuse far way from anhydrous phases due to the very low solubility of iron containing hydrates. Thus iron mapping enables us to determine the localization of ITZ (red curve on Fig. 6 ) but it cannot be used to estimate its thickness. On the other hand, silicate ions also do not diffuse far away from cement grains leading generally to ITZ poorer in silicon while it is richer in calcium as portlandite is abundant in ITZ. The area with a lower silicon concentration and close to the zone containing no iron therefore corresponds to the ITZ which is initially filled with water. This area is well defined for the model aggregate that was saturated leading to ITZ thickness between 20 and 80 lm (two yellow curves on Fig. 6 ). On the other hand, ITZ corresponding to the dried model aggregate appears to be finer with a thickness ranging from 5 to 10 lm (two yellow curves on Fig. 6 ). The ITZ is therefore influenced by the saturation states of the cement paste contained in FRCA. The following explanation can therefore be proposed for the ITZ microstructure of mortars depending on the saturation state of FRCA (Fig. 7) . With saturated FRCA, water goes from the surface of the cement paste of FRCA to the new paste, increasing locally the W/C ratio at the surface of aggregate and thus leading to a large ITZ. On the contrary, for the dried FRCA, water moves from the bulk into the dried aggregate even if this process is not instantaneous as demonstrated by the slump loss. The cement grains are dragged together with water, reducing locally the (W eff /C) at the surface of aggregate and leading new hydrates to precipitate at the surface or near the inside of cement paste of FRCA. This leads to an improved ITZ in mortars manufactured with dried RCA in comparison to those manufactured with saturated ones. Compressive strengths obtained for mortars manufactured with dried aggregates are all larger than those obtained for saturated aggregates. This result shows that the improvement of mechanical properties of the ITZ in mortars containing dried aggregates is able to compensate the decrease in mechanical properties of the bulk paste of these mortars due to the larger initial (W eff /C). These results are obtained in a simple system; they also need to be verified with a statistical approach for several ITZ and for other materials. Nevertheless the micro-cracks observed in both samples and probably induced by the preparation of samples (heating at 105°C and then polishing) confirms that ITZ in the sample made with saturated model RCA has some weak mechanical properties as the micro-crack passes through it (Fig. 6) . On the other hand, the micro-cracks of the sample made with the dried model RCA passes either in the cement paste or in the ITZ leading to consider close mechanical properties (Fig. 6 ).
Influence of replacement percentage of recycled sand
Two series of mortars with two different W/C ratios were used to study the influence of recycled sand on the properties of the mortars. Series II is used to study the influence of the proportions of recycled sand on the mechanical properties of mortars. Series III Fig. 7 . Models of ITZ for CPS (left) and CPD (right), here red point refers to the hydrates, blue circle refers to the front between new paste and ITZ, black circle refers to the front between old paste and ITZ, arrow refers to moving direction of water. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) is used to study the influence of granular fractions of recycled sand on the properties of mortars. Table 8 shows the properties of mortars corresponding to series II. As can be seen, for both water to cement ratios, the fresh density decreases as the percentage of sand replacement increases, which is due to the lower density of recycled sand. The compressive strength of mortars decreases as the replacement of recycled sand increases. Fig. 8 shows the compressive strength of mortar also of series II with W/C = 0.5 and 0.6. We can first observe that the strength of mortars varies linearly with the replacement ratio of calcareous sand by recycled sand for both water to cement ratios, which confirms results obtained by Dapena et al. [24] . The slope of the decrease of the compressive strength for mortars made with W/C = 0.5 is larger than the corresponding mortars realized with W/C = 0.6. Table 9 shows the properties of mortars belonging to series III. Fig. 9 presents the compressive strength of mortars with each fraction replacement. For both W/C ratios, the compressive strength of mortars containing recycled sand is always lower than the control mortar.
Influence of replacement fraction of recycled sand
In mortars of series III, two parameters are varying simultaneously: the granular class of recycled sand and the replacement fraction. Indeed, the four granular fractions studied do not represent the same volume of aggregates. In order to study only the effect of granular class of FRCA on the properties of mortars, the results of series III have been compared to those obtained with series II. Fig. 10 shows the relationship between the relative strength of mortars and replacement proportion of recycled sand obtained from mortars of series II. The relative compressive strengths of series III are compared with series II on Fig. 10 and in Table 10 . The volume fraction of recycled sand in mortars of series III has been calculated. The relative strength is the compressive strength of mortar reported to that of the control mortar. According to the linear relationship between the relative strength of series II and replacement percentage, a calculated relative strength is obtained. The difference between the relative strength of series III and calculated relative strength from series II gives the impact index of each fraction of recycled sand. As can be seen in Table 10 , the difference between series II and III for the smaller fraction (0/0.63 mm) is larger than for the coarser ones (a similar result is obtained for mortars having a W/C of 0.6). This means that the finer fraction of RCA (fraction 0/0.63 mm) has a greater detrimental influence than the larger fractions. It is partly due to the higher cement paste content, higher water absorption and lower mechanical properties of the finer fraction of RCA. Therefore, the finer fractions of RCA have the worse influence on the properties of mortars as already known. However the reported method enables us to classify relatively the different fractions but also the different kinds of RCA. 
Conclusions
The properties of mortars containing FRCA including the fresh properties, mechanical properties, and ITZ microstructure have been studied. Thanks to the use of three series of different compositions of mortars, the main conclusions obtained are as follows:
(1) The slump of mortars made with dried recycled sand is higher than that of similar mortars made with saturated recycled sand. This is due both to higher initial free water and paste volume in the mortars manufactured with dried recycled sand. However the rate of slump loss is quicker when using dried recycled sand. This could be partly due to the higher initial slump value, and also due to the decrease of free water by the absorption of recycled sand. However, whatever the W/C ratio used, the slump value of mortars manufactured with dried FRCA is always larger than that of mortars manufactured with saturated aggregates. This result suggests that the absorption of water by dried FRCA in the mortar is lower than the absorption determined with standard procedures. It could be due first to the kinetics of absorption but also to a lesser water absorption capacity of the cement paste contained in FRCA when they are immersed into the cement paste. (2) The mortars made with dried FRCA have better compressive strengths than the ones with saturated aggregates for the three different W/C ratios studied, despite the larger initial efficient W/C ratio in mortars containing dried aggregates. SEM observations of a simpler model system of ITZ demonstrate that the ITZ between the cement paste and saturated FRCA is larger than with dried FRCA. The thickness of ITZ and thus its properties are improved by the absorption of water by the cement paste contained in FRCA. (3) With replacing the natural sand with recycled sand, the fresh density of mortar decreases which is due to the lower density of recycled sand. The compressive strength of mortar containing FRCA decreases as the content of FRCA increases. The relationship between the compressive strength and replacement ratio is quasi linear. (4) The compressive strength of mortar in which some sand fractions have been replaced by the corresponding FRCA is lower than the control mortar for both W/C ratios (W/C = 0.5, 0.6). Moreover, the finer fraction of FRCA (fraction 0/0.63 mm) has a worse influence which is partly due to its higher cement paste content, higher water absorption and lower mechanical properties.
